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environments. The physiological mechanisms that facilitate these movements may differ among higher taxa, but the preservation of osmotic balance in extracellular fluids remains a common objective (5) .
Efforts to characterize the genetic basis of osmoregulation at a genome-wide scale in vertebrates have typically focused on fishes. This is likely due to the wide diversity and suitability of fishes for transfer experiments, as movement between high and low salinities is an essential part of the ontogeny and reproductive cycle of many species (43) . Quantitative trait locus (QTL) studies on Arctic charr (Salvelinus alpinus) (47) , Atlantic salmon (Salmo salar) (48) , and rainbow trout (Oncorhynchus mykiss) (31) show that intraspecific variation in osmoregulatory capacity amid hyperosmotic conditions (i.e., hypo-osmoregulation) is shaped, in part, by allelic variation. However, QTL experiments involving nonmodel organisms such as these typically suffer from drawbacks that can impair QTL detection. For instance, fixed QTL are undetectable, tightly linked QTL with opposing effects can be missed, limited marker polymorphism may cause entire linkage groups to be excluded, genome scans typically involve low-resolution maps, and analyses are often biased toward the detection of large-effect QTL (4) . Furthermore, QTL analyses generally provide no information about the nature of allelic polymorphisms, which can occur in coding (i.e., protein) or noncoding (i.e., regulatory regions) DNA. For all of these reasons, knowledge about the genetic basis of salinity tolerance remains limited.
Efforts to understand the genetic basis of salinity tolerance also involve large-scale gene expression experiments. Experiments show that a subset of genes are differentially expressed between marine and freshwater environments for a variety of teleosts, such as black-chinned tilapia (Sarotherodon melanotheron) (64) , European eel (Anguilla anguilla) (26) , European sea bass (Dicentrarchus labrax) (6) longjaw mudsucker (Gillichthys mirabilis) (14) , and sockeye salmon (Oncorhynchus nerka) (15) . However, though they provide extensive lists of candidate genes, these studies are not directed at addressing the genetic basis of variation in gene expression, nor do they examine the role of differential gene regulation in intraspecific variation of salinity tolerance capacity.
Evidence that adaptive phenotypes are influenced by modifications in gene regulation has accrued for numerous organisms (for review, see Ref. 20) . As such, efforts to better understand the relationship between genotypic and phenotypic variation must also consider the genetic basis of variation in gene expression. Expression QTL (eQTL) analysis, whereby DNA polymorphisms are correlated with variation in transcription rates (29) , is ideally suited to this task. However, a priori knowledge of gene location (i.e., via a sequenced genome) is typically required to distinguish between cis-and trans-eQTL (67) . As a result, eQTL analysis performed on nonmodel species can provide only limited information. eQTL analyses are also typically performed using microarrays. Although other techniques such as RNA-Seq are superior to microarray technology in several ways (e.g., higher dynamic range, greater sensitivity) (39, 66) , the high number of replicates required for an eQTL analysis make this approach prohibitively expensive. An alternative approach is to couple RNA-Seq data with knowledge of QTL locations. By studying patterns from comparisons of gene expression data with the locations of mapped QTL, one can infer whether differential expression is cis-or trans-induced (35, 49, 71) . For example, colocalization between a differentially expressed gene and a mapped QTL would suggest that variation in expression is due to a polymorphism in the cis-regulatory region. To gain insight about the genetic basis of variation in gene expression for genes associated with salinity tolerance capacity, we chose to implement this approach for Arctic charr, a species that exhibits wide variation in this trait (11) and for which pertinent salinity tolerance QTL data are available (47) .
For anadromous populations of Arctic charr the ability to maintain homeostatic ion levels amid abrupt changes in ambient salinity is important for reproduction, growth, survival, and swimming ability (23) . Migration between freshwater and seawater, a requisite part of the reproductive cycle, requires a physiological adjustment to ensure blood ion concentrations remain in homeostasis. Fish from anadromous populations of Arctic charr typically spend a few months to grow and sexually mature in seawater prior to reproduction in freshwater. At sea they face ambient ion concentrations that are higher than homeostatic levels. In this environment, fish drink to counteract osmotic water loss, which in turn can raise blood ion concentrations to lethal concentrations. In response, excess ions are actively excreted across gill and skin epithelia, a process that is facilitated by the seawater mitochondrion-rich cell complex (40) . Briefly, Cl Ϫ and Na ϩ excretion is driven by Na ϩ /K ϩ -ATPase pumps, Na ϩ /K ϩ /2Cl Ϫ cotransporters, cystic fibrosis transmembrane conductance regulator anion channels (40) , and claudin transmembrane proteins (65) . Several QTL for hypo-osmoregulation on Arctic charr linkage groups overlap with genes for these elements (47, 48) , while other QTL localize to regions without known candidate genes, suggesting that genes outside seawater mitochondrion-rich cell complex are also involved.
To better understand the genetic architecture of hypo-osmoregulation in Arctic charr, we used mRNA sequence libraries to compare large-scale gene expression data from individual fish containing the highest or lowest proportions of QTL alleles for high salinity tolerance capacity (47) . Under this design, differentially regulated genes that influence phenotypic variation in this trait could be identified. Furthermore, by comparing the genomic locations of differentially expressed genes and salinity tolerance QTL, we could infer the presence of differentially expressed QTL. Patterns resulting from such comparisons could inform hypotheses about the nature of polymorphisms underlying QTL. Specifically, our objectives were to: 1) use knowledge of salinity tolerance QTL alleles to characterize expression patterns that correlate with intraspecific variation in salinity tolerance capacity, 2) determine which candidate genes and biological processes influence intraspecific variation in this trait, and 3) compare the locations of QTL with differentially expressed genes and gene clusters to gain insight about the nature of underlying genetic polymorphisms. Using comparative genomics approaches we characterized relationships between genome organization and gene expression that provide insight about the evolution of hypo-osmoregulation in fishes.
MATERIALS AND METHODS
Strain background and rearing. The fish used in this study consisted of two full-sib families (designated F10 and F12) from an aquaculture strain of Arctic charr descended from an anadromous population from the Fraser River (Labrador, Canada). In brief, families were produced in November, 2006, at the Coastal Zones Research Institute (Shippagan, New Brunswick, Canada). In July, 2007, 150 progeny/family were tagged with passive integrated transponders and transferred to St. Andrews Biological Station (St. Andrews, New Brunswick, Canada), where they were randomly dispersed among 1 m 3 freshwater tanks and reared under controlled simulated-natural photoperiod and water temperature regimes. Each tank was supplied with filtered, aerated freshwater (9.9 -10.7°C, flow rate 18 l/min, dissolved O 2 10.0 -10.6 mg/l). A 16 h light/8 h dark photoperiod regime was maintained for the duration of sampling (June 9, 2008 to July 6, 2008) to minimize the confounding effects associated with a naturally changing photoperiod (details in Ref. 47) . All experiments were carried out in accordance with the Canadian Council for Animal Care Guidelines under the University of Guelph Animal Care Committee-approved protocol number 08R033.
Experimental protocol. The salinity tolerance trials took place in June, 2008, and are described in detail by Norman et al. (47) . In brief, freshwater tanks were converted to 100% filtered seawater (31,000 -33,000 mg/l, 10.5-11.9°C, flow rate 18 l/min, dissolved O 2 8.1-11.4 mg/l) over a 24 h period. After 10 days of full seawater exposure, nonlethal gill tissue biopsies were taken (42) . Approximately three to six primary filaments were excised and stored in RNAlater (Life Technologies) at 4°C for 24 h, after which samples were transferred to Ϫ20°C for long-term storage. Sampling occurred 10 days after seawater exposure because this is when differences in Na ϩ /K ϩ -ATPase activity in Arctic charr have been historically observed (7) . Furthermore, variation in Na ϩ /K ϩ -ATPase activity measured in gill tissue collected after 10 days of seawater exposure has been linked with salinity tolerance QTL in Arctic charr (47) .
Sample selection. Since the fish used for this study were also part of a salinity tolerance QTL experiment (47), individuals could be ranked according to the proportion of beneficial salinity tolerance QTL alleles that each fish possessed for Na ϩ /K ϩ -ATPase activity and blood plasma osmolality phenotypes. From each family, we selected three fish with the highest and three fish with the lowest proportions of beneficial salinity tolerance QTL alleles. Gill tissue biopsies collected 10 days after full seawater exposure from these fish were then submitted for mRNA sequencing. Gill tissue biopsies for an additional three fish/family taken from freshwater tanks were also submitted for sequencing as part of a separate experiment (i.e., n ϭ 18, nine fish/family; Table 1 ). While the sequence libraries of the freshwater fish were included in the de novo transcriptome assembly, gene expression of these fish was not examined in this study.
RNA extraction and sequencing. Samples were removed from RNAlater immediately prior to homogenization. Care was taken to ensure residual RNAlater was removed from tissue. Total RNA was extracted with Trizol reagent (Life Technologies) according to the manufacturer's instructions. Tissue was homogenized in 1 ml Trizol with a disposable pestle grinder system (Fisher Scientific). RNA purity was measured with a NanoDrop 8000 spectrophotometer (Thermo Scientific), while RNA integrity was assessed with the Bio-Rad Experion system (Bio-Rad). Only samples with an RNA quality index of 8.0 or greater were submitted for mRNA sequencing. mRNA libraries were constructed for nine fish from each family (i.e., three fish with high salinity tolerance genotypes, three fish with low salinity tolerance genotypes, and three freshwater fish), for a total of 18 samples. Illumina sequencing was performed by the Clinical Genomics Centre at Mount Sinai Hospital (Toronto, Ontario, Canada). Sequencing libraries were created according to the manufacturer's instructions (Illumina). In brief, poly-A mRNA was isolated from total RNA and purified with poly-T oligo-attached magnetic beads. mRNA was fragmented into pieces using divalent cations under elevated temperature and copied into cDNA with reverse transcriptase and random primers. Following the ligation of adaptors, cDNA templates were purified and amplified with PCR. Sequencing was performed with a HiSeq 2000 instrument (Illumina) and subjected to 100 cycles of paired-end sequencing. Image analysis, base-calling, and quality value calculation were performed with Illumina's sequence analysis software, Casava (v1.8.2). The raw reads have been deposited into the Sequence Read Archive at the National Center for Biotechnology Information (NCBI), under BioProject accession #SRP026259 and BioSample accession #SRS452215.
Read preprocessing and quality control. Read quality was assessed with FastQC (2), while read trimming was accomplished with Trimmomatic (36) . Reads with sequences matching Illumina adaptors were removed. Sequences were trimmed where quality scores were Ͻ20, which was generally after cycle 80. Any reads Ͻ80 bp after trimming were removed from the dataset. This dataset formed the basis for expression quantification by read alignment to the reference transcriptome.
De novo transcriptome assembly. De novo transcriptome assembly necessitated further processing of the reduced dataset. Low complexity sequences and reads containing rare k-mers (i.e., where k-mer frequency was Ͻ3) considered possible sequencing errors were removed from the dataset via the Rnnotator preprocessing pipeline (41) . To expedite assembly and to mitigate the requisite computational resources, identical reads, which do not add any information to the assembly, were consolidated into a single representative sequence (41) . Transcriptome assembly was performed with all 18 libraries with the Velvet-Oases software package (56, 70) . Eight separate assemblies were constructed, each based on a different k-mer length (i.e., 33, 41, 49, 57, 65, 73, 81, 89) . Contigs Ͻ300 bp were removed. All assemblies were merged into a single assembly using the Oases-M module and a k-mer of 105. This k-mer length was determined to be optimal based on a comparison of total transcripts, mean and median contig sizes, maximum contigs size, N50 and N90, for several merged assemblies generated with various k-mer lengths. To reduce redundancy in the assembly, which is presumably conferred by allelic variation, duplicated loci, and precursor mRNA, CD-HIT-EST (34) was used to cluster contigs where shorter sequences shared 95% sequence identity when aligned locally within longer sequences. We then compiled a significantly reduced reference transcriptome by selecting only the single longest sequence from each cluster. Transcriptome assembly was performed on the Shared Hierarchical Academic Research Computing Network (http://www.sharcnet.ca).
Read alignment, quantification, and differential expression analysis. Reads from each library were aligned to the constructed reference transcriptome with RNA-Seq by Expectation Maximization (RSEM) (33) . This software enables accurate transcript quantification in the absence of a reference genome and uses a statistical model to account for read mapping uncertainty, which allows for the inclusion of nonuniquely mapping reads in abundance estimates. Since scaffolding was not used during assembly with Velvet-Oases, paired-end reads could not be used for accurate expression quantification. Therefore, only forward reads were mapped as they were generally characterized by higher quality scores. Note that this strategy will not alter expression estimates as each mRNA fragment is still represented in the analysis. Next, differential expression between high and low salinity tolerance capacity groups was analyzed separately for each family with EBSeq (32) . This software employs an empirical Bayesian method to accommodate read mapping uncertainty from RSEM. Median normalization (1, 32) was used to adjust for differences in the number of reads among samples. Differential expression was established at a threshold of P Յ 0.05 followed by a Benjamini-Hochberg (B-H) false discovery rate test (␣ ϭ 0.05) (59) .
Sequence annotation. We annotated sequences with BLASTϩ (v2.2.26) (8) by aligning contigs against expressed sequence tag (EST) databases for rainbow trout (RTGIv8) and Atlantic salmon (ASGIv6) from the Gene Index Project (54) , and cDNA sequences from the RefSeq-RNA database (53) and the stickleback genome (Ensembl v68, BROADS1) (16, 25) . A combination of options was employed to obtain the single best alignment for each contig (i.e., megablast, e-value ϭ 1E-10, best hit score edge ϭ 0.05, best hit overhang ϭ 0.25, minimum percent identity ϭ 50, and max target seqs ϭ 1). Though reference sequences from RefSeq-RNA and Ensembl were already annotated, the same was not true for all sequences from ASGIv6 and RTGIv8. Furthermore, some of the annotations within ASGI and RTGI appeared to be outdated, as certain sequences exhibited stronger alignments to RefSeq-RNA accessions that differed from the original annotation. For this reason, the annotations for all of the reference sequences to which differentially expressed contigs aligned were updated with translated blast (BLASTX) alignments (e-value ϭ 1E-5) against the nonredundant protein sequence database at the NCBI. Lastly, sequences that aligned to ESTs annotated to fungal, protozoan, viral, or parasitic genomes (e.g., Schistosoma japonicum) were removed from the dataset, producing a final reference transcriptome of 92,543 contigs.
Gene Ontology analysis. To determine whether Gene Ontology (GO) categories were overrepresented within the subset of differentially expressed genes for each family, the Biological Networks Gene Ontology tool (38) was used to perform hypergeometric tests and B-H false discovery rate tests (␣ ϭ 0.05) (59) . Tests were conducted for families independently and combined for upregulated, downregulated, and up-and downregulated groups, combined. Data were entered in the form of official gene symbols, and tests were run using the whole annotation as a reference set option, using annotations from Homo sapiens. Only categories supported by membership of more than one gene were considered.
Identification of differentially expressed gene clusters and colocalization with salinity tolerance QTL. BLASTϩ (v2.2.26) (8) was used to align all contigs differentially expressed between high and low salinity tolerance genotype groups to a database comprising cDNA sequences of protein-coding stickleback genes (Ensembl v68) (16, 25) . The same alignment criteria were employed as noted previously, with the exception of the e-value threshold, which was set to 1E-5. Using a synteny map of Arctic charr and stickleback (48) , in conjunction with knowledge of the positions of salinity tolerance QTL in Arctic charr (47), we ascertained the colocalization of differentially expressed genes and salinity tolerance QTL positions. Unfortunately, several differentially expressed genes did not align to an established synteny block. On these occasions, synteny maps of stickleback with Atlantic salmon and rainbow trout (48) were used in the same manner to make predictions about gene positions in those species. Known homologous linkage group affinities among Arctic charr, Atlantic salmon, and rainbow trout (9, 10, 63) were then used to make predictions about the position of differentially expressed genes on the Arctic charr linkage map.
To test whether the number of differentially expressed genes was greater in areas where salinity tolerance QTL were detected, twotailed 2 tests of association were performed using 2ϫ2 contingency tables. Within each family, tests were conducted separately for each synteny block that colocalized with a QTL and at least a single differentially expressed gene. Synteny blocks were defined as regions where genes located within Arctic charr linkage groups were homologous to regions of stickleback chromosomes, as characterized by Norman et al. (2012) (48) . Tests were constructed such that counts of genes with significant differential expression were compared with all possible genes lacking significant differential expression within each synteny block, and similarly, counts were obtained for genes in these two classes, if they were not contained within the synteny block (i.e., genes outside of the region of interest). Since several contigs had hits to the same gene these counts were first corrected so that only a single significant hit was recorded for any given gene location in the stickleback genome. While it is recognized that many of these multiple hits would in fact likely represent affinities to duplicated copies of a gene, given that salmonid genomes are the product of four whole-genome duplications compared with three whole-genome duplications of stickleback and most other teleosts, we cannot at present assign the variant contigs to separate gene copies. Also the fact that multiple contigs assigned to the same gene all show significant differential expression suggests that both duplicated regions in the salmonid genome coexpress these functional differences. However, since the contingency test is primarily based upon the stickleback genome template for the assignment of synteny blocks, it was necessary to correct for the multiple gene hit counts. Therefore, the reported differences are likely underestimates of the true differential expression blocks in the Arctic charr genome. All tests assumed that the composition of genes within synteny blocks was not different between species.
Genes were considered clustered if contiguous differentially expressed loci were located within 1 Mb of one another along a stickleback chromosome, and if they occurred within the same synteny block on an Arctic charr linkage group. Distinct genes that aligned to a common stickleback locus were deemed duplicates and counted as a single gene. We chose 1 Mb as a clustering threshold because evidence from mammalian genomes suggests that coexpressed genes can occur in short-(i.e., Ͻ1 Mb) and long-range (i.e., Ͼ10 Mb) clusters (68) . To the best of our knowledge, Ng et al. (2009) (45) is the only study to have examined the relationship between coexpression and gene clustering in a fish [i.e., zebrafish (Danio rerio)]; however, they did not consider chromosomal intervals of this magnitude.
Permutation analysis was employed to test whether differentially expressed genes were more likely to be located in close proximity to one another along a chromosome. All differentially expressed genes that aligned to the stickleback genome were used in the analyses, which were conducted independently for each chromosome with the R statistical language. For each chromosome, the intergenic distances among all genes were pooled with those from the respective set of differentially expressed genes that aligned to that chromosome. For each of 10,000 iterations the difference between means was calculated from a random sample of the pooled data and the remaining unsampled data. The size of each random sample corresponded to the number of differentially expressed genes that aligned to each chromosome. The observed mean difference was then compared with the random distribution of possible mean differences. This test assumes that the distribution and relative proximity of genes on stickleback chromosomes is conserved in Arctic charr. While this may not be realistic across entire linkage groups, blocks of conserved synteny between Arctic charr and stickleback chromosomes have been described (48) .
RESULTS
Read preprocessing and quality control. In total, mRNA sequencing of 18 gill tissue libraries yielded 417,028,962 reads. The number of reads per sample ranged from 19.0 million to 27.5 million, with a mean of 23.1 million (Supplemental Table S1 ). 1 The proportion of reads per sample retained after low-quality sequences were removed ranged from 84.2 to 88.0%, with a mean of 86.6%, which reduced the dataset 361,163,591 reads.
De novo transcriptome assembly. Removal of low complexity sequences and rare k-mers reduced the assembly dataset to 283,435,232 reads, which was further reduced to 162,398,332 reads by deduplication. The final dataset used for de novo transcriptome assembly was 38.9% of its original size. The number of contigs in each assembly, spanning k-mers 33 to 89, was inversely related to k-mer size (Table 2) , which is consistent with previous observations (17, 18, 21, 28) . The optimum k-mer sizes appeared to be 57 and 65, which had the highest values for most metrics typically used to assess assembly quality (e.g., mean and median contig lengths, N50, and N90), maximum contig length the exception. The merged assembly (k ϭ 105) yielded the highest values for all categories. However, in the final reduced assembly, which comprises a single representative sequence from each cluster, values were among the lowest for each category, with maximum contig length, again the exception. This is not particularly surprising, for all of the assemblies (aside from the reduced assembly) contained clusters comprised of many contigs, which were likely composed of a combination of alleles, paralogs, and pre-mRNA sequences. Thus, clusters with a high proportion of extraordinarily long sequences probably would have inflated the metrics used to quantify assembly quality.
Read alignment, quantification, and differential expression analysis. The mean proportion of reads mapped across all samples was 0.929 and ranged from 0.907 to 0.938 (Table 3) . Thus, a mean of 783,483 reads per sample were discarded [(1 Ϫ 0.929) ϫ 11,034,966], because of either poor or ubiquitous alignments (i.e., where a read had Ͼ200 significant alignments). The mean number of alignments per read was 4.39 and ranged from 4.03 to 4.97.
Families contained a similar number of differentially expressed contigs between high and low salinity tolerance capacity groups (Fig. 1) ; however, only five genes were differentially expressed in both families [i.e., endonuclease, poly-U specific (ENDOU), Kruppel-like factor 11 (KLF11), furry homolog (FRY), and two unknown genes]. In F10, 92 genes were upregulated and 99 downregulated in high salinity tolerance capacity genotype groups (Supplemental Table S2 ), while in F12, 82 genes were upregulated and 84 downregulated (Supplemental Table S3 ). Log 2 expression ratios ranged from 7.9 to Ϫ8.3 in F10 and 10.4 to Ϫ8.6 in F12. Estimated fold-change values from the posterior distribution were used for these calculations as they tend to be more conservative, especially when fewer reads are involved (32) .
Sequence annotation. For F10, 92% of contigs were successfully aligned to a collection of reference sequences from four databases [58.1% to ASGIv6, 22.5% to RTGIv8, 8.9% to RefSeq-RNA, and 2.6% to Ensembl (v68)], while 94% of contigs were aligned for F12 [53.6% to ASGIv6, 27.1% to RTGIv8, 11.4% to RefSeq-RNA, and 1.8% to Ensembl (v68)]. Both families yielded mean alignment lengths approaching 1 kb, mean sequence identities Ͼ90%, and the same mean bit score (Supplemental Table S4 ). The e-value frequency distri- bution shows that most sequence alignments in both families are highly reliable (Fig. 2) .
Combined family GO analysis. GO analysis based on upand downregulated genes from both families combined revealed that multiple categories under the biological process domain were significantly overrepresented. The combined family analyses were the most robust tests conducted, as they were based on the greatest number of genes and thus were the least susceptible to type I error. For the up-and downregulated gene sets combined, 139 genes could be annotated (Table 4) . These genes formed 60 overrepresented GO categories, which reduced to 18 distinct branches that descended to significant low-level categories (Fig. 3 ). Among these, antigen processing and presentation of peptide antigen via MHC class I was the most significant (6 genes, P Ͻ 0.00001), followed by positive regulation of interleukin-1 beta secretion (4 genes, P Ͻ 0.001) (Supplemental Table S5 ). Both exhibited Ͼ34-fold enrichment. Due to their statistical significance and respective gene complements two higher level categories were also noteworthy: immune system process (30 genes, P Ͻ 0.00001) and multiorganism process (23 genes, P Ͻ 0.001).
The combined family analysis of genes upregulated in high salinity tolerance capacity genotype groups included 69 annotated genes (Table 5) , which reduced to 19 low-level categories from a set of 80 overrepresented categories (Supplemental Fig.  S1) . Among low-level categories, positive regulation of interleukin-1 beta secretion, antigen processing and presentation of peptide antigen via MHC class I, membrane raft polarization, and response to cadmium ion exhibited the greatest significance (Supplemental Table S5 ). Regulation of protein transport, a higher-level category, yielded the greatest significance among all 80 categories (8 genes, P Ͻ 0.001).
Seventy-seven downregulated genes (Table 6 ) from the combined family analysis were annotated, producing 14 lowlevel categories from 47 total categories (Supplemental Fig.  S2 ). The most significant low-level groups were antigen processing and presentation of peptide antigen via MHC class I (3 genes), negative regulation of leukocyte mediated cytotoxicity (2 genes), and positive regulation of B cell proliferation (3 genes), though all had P values approaching 0.03 (Supplemental Table S5 ). The most significant downregulated category overall was immune system response (20 genes, P ϭ 0.00011).
Independent family GO analysis. Since F10 and F12 exhibited several differences in salinity tolerance QTL (47), differential expression analysis was conducted for each family independently. When up-and downregulated genes were analyzed together, 81 genes were annotated, yielding 12 low-level categories from a total of 49 that were overrepresented in F10 (Supplemental Fig. S3) . Two low-level categories were highly significant: positive regulation of interleukin-1 beta secretion (4 genes, P ϭ 0.00022) and antigen processing and presentation of peptide antigen via MHC class I (3 genes, P ϭ 0.0088) (Supplemental Table S6 ). Other notable categories were multiorganism process (i.e., a biological process that involves another organism, 16 genes, P ϭ 0.00087) and immune system response (17 genes, P ϭ 0.0017). These patterns are largely concordant with the results from the equivalent analysis conducted for combined families. For F12, 61 genes were annotated, which produced nine overrepresented categories and formed two distinct branches that culminated with the lowlevel categories antigen processing and presentation of peptide antigen via MHC class I (4 genes, P ϭ 0.00072) and membrane raft polarization (2 genes, P ϭ 0.0093; Supplemental Table S7 , Supplemental Fig. S4 ). Though the former category was also significant in F10, only a single gene from this category (i.e., HLA-A) was common to both families.
When upregulated genes were analyzed independently, interfamilial differences were evident in the relative quantities of significant GO categories. Despite similar sample sizes, based on 35 annotated genes, F10 yielded 17 low-level categories from 71 that were overrepresented (Supplemental Fig. S5 ), while six overrepresented categories produced two low-level categories in F12, based on 36 annotated genes (Supplemental Fig. S6 ). Furthermore, there was no overlap in categories between families. For F10 the most significant low-level category was positive regulation of interleukin-1 beta secretion (3 genes, P ϭ 0.0004), though several other parent categories from this branch were also highly significant (P Ͻ 0.001) (Supplemental Table S6 ). Membrane raft polarization was the most significant upregulated category for F12 (2 genes, P ϭ 0.0073) (Supplemental Table S7 ).
Large differences between families were also evident in comparisons of GO categories associated with downregulated genes. In F10, based on 51 annotated genes, 27 overrepresented categories coalesced into four low-level categories (Supplemental Fig. S7 ). All of the low-level categories in F10 were only marginally significant (i.e., P Յ 0.04), while immune system process was the most significant of all 51 categories (14 genes, P ϭ 0.0038; Supplemental Table S6 ). In contrast, there were no significant categories associated with downregulation in F12, which could be related to the reduced sample size of 27 annotated genes. Clustering of differentially expressed genes. Syntenic relationships with the stickleback genome suggest that several differentially expressed genes formed clusters along Arctic charr linkage groups. Of the 39 clusters identified, 23 (58.9%) comprise gene pairs, and of the remaining clusters, 13 contained three genes, two contained four genes, and a single cluster contained eight genes (Supplemental Table S8 ). Five clusters comprise only upregulated genes, and six clusters comprise only downregulated genes. Gene cluster locations were inferred for 16 clusters over 10 linkage groups (i.e., AC-1/11, 5, 6, 8, 19/32, 20, 23, 28, 36, 37) via direct synteny with stickleback, while the locations for remaining clusters were inferred via homologies with Atlantic salmon or rainbow trout. Relative gene proximity was also significantly lower among differentially expressed genes that aligned to three stickleback chromosomes. Permutation tests revealed that differentially expressed genes homologous with Ga-VII, Ga-X, and Ga-XIX were located an average of 1.175, 2.018, and 1.353 Mb, closer to one another, respectively, compared with chromosomal-wide means ( Table 7) .
Colocalization of differentially expressed genes and salinity tolerance QTL. In F10, 15 differentially expressed genes were positioned within synteny blocks that colocalized with a salinity tolerance QTL on the Arctic charr linkage map (Table 8) .
Two genes localized to each of AC-4, 5, and 20, while seven P, corrected FDR P value statistic; FE, fold-enrichment, the ratio of the proportion of genes comprising experimental and reference Gene Ontology (GO) categories [i.e., FE ϭ (proportion genes in experimental/proportion genes in reference)]; PD, the proportion difference of genes comprising experimental and reference GO categories [i.e., PD ϭ (proportion genes in experimental Ϫ proportion genes in reference)]. genes localized to AC-31. Notably, all seven of these genes were downregulated in the high salinity tolerance genotype group (an ASTE1 duplicate was upregulated). Two genes within this group, ceramide synthase 2 (CERS2) and tumor protein D52 (TPD52), had several similarities. They are closely positioned on Ga-X (252 kbp apart), they share similar expression ratios (i.e., Ϫ0.5 for CERS2 and Ϫ0.7 for TPD52), both are part of the largest coexpression cluster in F10, and both are part of the cellular process GO category (GO:0009987).
F12 exhibited fewer gene-QTL associations. Five linkage groups contained QTL that colocalized with differentially expressed genes, and with the exception of AC-32, all associations consisted of two or fewer genes. AC-32 was associated with five genes from Ga-III, which consisted of two sets of gene-pairs positioned Ͻ1 Mb apart. The quantity of differentially expressed genes in synteny blocks that colocalized with QTL was not significant (Supplemental Table S9 ).
DISCUSSION
This is the first study to examine how large-scale gene expression differs between fish with genotypes for high or low salinity tolerance capacities. Using comparative genomics approaches we characterized relationships between genome organization and gene expression that provide insight about the evolution of hypo-osmoregulation in fishes. We coupled knowledge of the genetic basis of salinity tolerance with patterns of differential expression to make inferences about the nature of allelic variation at QTL and about the genetic basis of gene expression. In attempting to understand how the genetic basis of variation in salinity tolerance affects phenotypes, it is necessary to understand how modifications in gene regulation are involved. This study lays the foundation for future studies to ask questions about the dynamic between genetic variation and gene expression and their relative roles in the salinity tolerance capacity in fishes.
Our findings suggest that genes involved in the acclimation to a hyper-osmotic environment may not be the same as those that affect variation in salinity tolerance capacity. Variation in the salinity tolerance capacity of seawater exposed Arctic charr was not affected by changes in the expression of candidate genes from the seawater mitochondrion-rich cell complex (40) . In fact, none of the candidate genes postulated to be associated with salinity tolerance QTL in Arctic charr, such as Na ϩ / K ϩ ATPase ␣1b (ATP1a1b); cystic fibrosis transmembrane conductance regulator I (CFTRI) or II (CFTRII); claudin isoform 10e (CLDN10E); collagen, type I, alpha I (COL1A1) or alpha 2 (COL1A2); growth hormone (GH); growth hormone receptor 1 (GHR1) or 2 (GHR2); insulin-like growth factor 1 (IGF1) or 2 (IGF2); Na ϩ /K ϩ /2Cl Ϫ cotransporter 1 (NKCC1); or secreted protein, acidic, cysteine-rich (SPARC) (47, 48), For definition of abbreviations see Table 4 footnote. showed differential expression between high and low salinity tolerance capacity groups. This suggests that the difference between high and low salinity tolerance capacity is not related to changes in expression at these loci. We are reasonably certain this finding is not an artifact, for in a separate experiment involving the same fish we found that many of these genes were differentially expressed between freshwater and seawater treatments (unpublished observation by J. D. Nor- For definition of abbreviations see Table 4 footnote. Lines in boldface are instances where the mean intergenic distance (IGD) of genes differentially expressed in Arctic charr is significantly less than the mean IGD of the corresponding stickleback chromosome. man), which is consistent with previous findings and expectations (7, 22, 30, 37, 46, 47, 51, 52, 55, 57, 65) . It is also possible that changes in the transcription rates of these genes were missed due to the experimental design, as sampling occurred at a single time-point, rather than at multiple-time points spanning pre-and postseawater exposure. Thus, any smoltification-related physiological changes that may have occurred in fish prior to seawater exposure could have been missed. However, since the same fish were used in both experiments, we believe that this is unlikely.
TRANSCRIPTOMICS OF SALINITY TOLERANCE CAPACITY IN A SALMONID
Genes that influence variation in salinity tolerance capacity may be a subset of a larger gene complement that is involved in the process of hypo-osmoregulation in general. Despite the absence of differential expression in salinity tolerance candidate genes, some differentially expressed genes and gene clusters localize to genomic locations where salinity tolerance candidate genes reside. We see this for CaSR (AC-5), CFTR (tentatively AC-4), COL1A2 (AC-31), GH1/2 (AC-20), GHR1/2 (AC-28), and NKCC1a (AC-28). For COL1A1 and SPARC, homology comparisons do not yield a precise Arctic charr linkage group location. Notably, two differentially expressed genes exhibit molecular interactions with candidate genes. MAPK14, which was slightly upregulated (i.e., 1.7ϫ) in high salinity tolerance capacity fish and colocalized with a QTL on AC-1/11, forms a complex with NKCC1 in the nerve cells that dissociates upon cellular stress (50) . PTPN11, also upregulated in high salinity tolerance capacity fish (i.e., 45ϫ), negatively regulates GHR signaling (61) . Considering that genes in eukaryotic genomes are arranged in clusters that tend to be coexpressed (45, 68) and comethylated (44) and in light of interactions that occur between candidate genes and differentially expressed genes, it is likely that the candidate genes and differentially expressed genes are involved in the same or closely related biological pathways. It may be that genes that affect variation in salinity tolerance capacity are part of a larger contingent of genes that have a role in maintaining a hypoosmoregulatory state. An assessment of differential expression between freshwater and seawater exposed fish would provide additional insight into this hypothesis.
Enrichment of genes related to immune system processes suggests that variation in salinity tolerance capacity may be affected by the immune system. GO analysis for all differentially expressed genes (i.e., up-and downregulated) from both families combined revealed that genes that are part of antigen processing and presentation of peptide antigen via MHC class I (i.e., GO:0002474) were highly overrepresented (i.e., 36ϫ). The immune system is alerted to the presence of virally infected cells by the MHC class I antigen presentation path- LG, Arctic charr linkage group; F10, family 10; F12, family 12; QT, QTL trait; O, blood plasma osmolality; N, Na ϩ /K ϩ -ATPase activity; ER, expression ratio, which represents the log2 fold-change in expression of high salinity tolerance genotypes relative to low salinity tolerance genotypes; Chr., stickleback chromosome; Pos., bp, position in base pairs on the respective stickleback chromosome; Cluster No. represents the cluster ID provided in Supplemental Table  S8 ; Genes represents the number of genes that comprise a respective cluster.
way. Genes associated with the positive regulation of interleukin-1 beta secretion (i.e., GO:0050718) were also enriched (i.e., 34ϫ). Interleukin-1 beta is a proinflammatory cytokine that is typically associated with inflammation induced by pathogenesis (12) . The high-level categories, immune system response (GO:0002376) and multiorganism process (GO: 0051704), were also overrepresented, the latter representing genes related to biological processes that involve other organisms. These findings suggest that phenotypic effects from pathogen-induced immune responses and hypo-osmoregulatory processes are not mutually exclusive. In sockeye salmon (O. nerka), changes in the expression of pathogen response genes occurred concordantly with migration to a marine environment (15) . However, while Evans and colleagues (15) looked at differential expression between freshwater and seawater exposed fish, they did not examine the influence differential gene regulation could have on intraspecific variation in salinity tolerance capacity. To the best of our knowledge, ours is the first study to find that the difference between high and low salinity tolerance capacities may be related to differential expression in immune response genes.
Though there was much similarity in GO between families, there were also notable differences. Only F12 was significantly enriched for genes related to membrane raft polarization (GO: 00001766), a biological process involved in the aggregation of lipid rafts at cellular poles (13) . Lipid rafts are thought to compose a large portion of immune cell membranes (19) . There was also a stark difference in the diversity of GO categories between families. This may have been due to familial differences in the number of high and low salinity tolerance QTL alleles, as the mean difference between the number of alleles associated with high and low salinity tolerance fish was 3.3 for F10 and 2.6 for F12 (based on the assumption of a single QTL per linkage group; see Table 1 ).
Comparisons between the genomic locations of differentially expressed genes and salinity tolerance QTL provide insight about the genetic basis of salinity tolerance capacity. Several differentially expressed genes localize to the same synteny blocks where salinity tolerance QTL map (Table 8,  Supplemental Table S8 ). Seventeen genes are part of differentially expressed gene clusters, two of which colocalize with candidate genes. First, a salinity tolerance QTL on AC-5 is linked to the CaSR locus (47; unpublished observation by J. D. Norman), which is only 80 kbp from a clustered pair of differentially expressed genes (i.e., LIPH and TC185310) on Ga-VII. Second, COL1A2, which is Ͻ300 kbp from NPY on Ga-X, is homologous with a QTL on AC-31. Such patterns suggest that some salinity tolerance QTL in Arctic charr may be the product of combined effects from multiple genes, indicating that the relationship between genetic variation and differential expression at these loci may be important.
Comparing the locations of salinity tolerance QTL and differentially expressed genes along linkage groups can provide clues about the nature of underlying allelic polymorphisms. Of the 21 QTL associated with Na ϩ /K ϩ -ATPase activity and/or blood plasma osmolality concentration (47) , only seven are not located where genes are differentially expressed. Colocalization of the other 14 QTL (i.e., 67%) with differentially expressed genes suggests that allelic polymorphisms at those loci may occur in cis-regulatory regions. This is consistent with observations in rat (Rattus norvegicus) where a large proportion of eQTL are regulated in cis (24) . Though this does not preclude the possibility that polymorphisms may also occur in protein-coding regions, it does suggest that these loci affect salinity tolerance capacity in a way that is not related solely to protein structure but also to transcript availability. We can also tentatively infer that the seven QTL without colocalizations to differentially expressed gene regions may be polymorphic solely in protein-coding regions, which would suggest that the corresponding phenotypic effects are related to differences in protein structure. It is advisable to remember, however, that posttranscriptional and posttranslational modifications can also affect the amount of protein that is ultimately available for a biological function. Finally, the majority of differentially expressed genes are not associated with QTL, which suggests that changes in expression at these loci may be trans-induced. However, considering the QTL analysis was biased toward detection of large-effect QTL, some apparent trans-induced differentially expressed genes may in fact colocalize with undetected small-effect QTL and, therefore, could be cis-induced. Nevertheless, these patterns provide a starting point for understanding the dynamic between genetic variation and gene expression within the context of salinity tolerance capacity in fishes.
Our findings indicate that several differentially expressed genes occur in clusters on Arctic charr linkage groups. The presence of these clusters is congruent with observations that salinity tolerance candidate genes are often paired and conserved along chromosomes in Arctic charr and Atlantic salmon (47, 48) . Furthermore, many of these clusters appear to be conserved in other teleosts, such as stickleback and medaka (Oryzias latipes), in addition to the reconstructed proto-actinopterygian ancestral genome (27, 48) . Perhaps most intriguing is the presence of an eight gene cluster spanning 3.022 Mb along Ga-XIX. Unfortunately, due to the low resolution of the Arctic charr linkage map (9, 63, 69) , the precise location of this cluster in Arctic charr is difficult to ascertain. Possible locations include AC-1, 4, 6, 12, and 19; however, most of these linkage groups are implicated by single marker associations (48) . On the other hand, a segment of Ga-XIX that includes the eight gene cluster (i.e., 6.087 to 19.485 Mb) is syntenic with the 27q linkage group arm in rainbow trout. This arm shares a homologous segment with AC-4 that is supported by multiple marker homologies and spans the entire Ga-XIX segment (48) , suggesting the eight gene cluster is likely located on this linkage group.
Localization of differentially expressed gene clusters to regions where synteny between stickleback and Arctic charr is conserved suggests that the relative proximity of the genes involved may impart a fitness benefit. The fact that Arctic charr and threespine stickleback are both euryhaline (3, 23) suggests that the putative fitness benefit could be related to salinity tolerance capacity. Under this scenario relative gene location may be preserved by purifying selection against the disruption of gene clusters. Indeed, the preservation of certain gene clusters in human, mouse, and yeast genomes has been attributed to purifying selection (58, 62) . Comparisons with the reconstructed proto-actinopterygian genome (27) via synteny with stickleback (48) suggests that most of the clusters we identified were formed prior to the divergence of stickleback and Arctic charr lineages. For instance, 23 differentially expressed gene clusters (i.e., 58.9%) have a direct correspon-dence with a single proto-actinopterygian chromosome (Supplemental Table S8 ). The preservation of these clusters from proto-actinopterygian ancestral chromosomes to the chromosomes of modern teleosts suggests that their disruption might have major deleterious effects on fundamental biological processes. Alternatively, four differentially expressed gene clusters have genes that correspond to multiple proto-actinopterygian chromosomes. Included in this group is the eight gene cluster, whose conserved synteny in stickleback and Arctic charr was noted above. These clusters were likely formed via chromosomal rearrangements in a descendent of the protoactinopterygian ancestor, prior to divergence of the Acanthopterygii and Protacanthopterygii lineages (60) .
Further evidence that gene clustering may be an important aspect of salinity tolerance is provided by comparisons of intergenic distance between genes that are differentially expressed and those that are not. Differentially expressed genes homologous with Ga-VII, Ga-X, and Ga-XIX were significantly closer to one another compared with the mean intergenic distance for all genes on each respective chromosome. Notably, Ga-VII and Ga-XIX also contain differentially expressed genes and gene clusters that colocalize with salinity tolerance QTL. Furthermore, Ga-VII contains CaSR, while CFTR and IGF2 are located on Ga-XIX (48) . Lastly, segments on all three of these chromosomes show patterns of divergence between marine and freshwater stickleback ecotypes (25) .
This study describes how genetic variation and gene expression may interact to influence variation in the salinity tolerance capacity in fishes. Our findings provide further evidence that genes related to hypo-osmoregulation are clustered along linkage groups. We postulated that conserved synteny of gene clusters along ancestral and teleost chromosomes has been preserved via purifying selection due to a fitness benefit related to the close proximity of genes. Based on patterns of colocalization between candidate genes and differentially expressed genes we inferred that those genes may be involved in related biological pathways. We postulated that some salinity tolerance QTL were related to the combined effects of multiple genes, based on colocalization of QTL with differentially expressed gene clusters. By providing clues about the nature of underlying allelic polymorphisms, such patterns also contributed insight about the relationship between genetic variation and differential expression at those loci. We also found that variation in salinity tolerance capacity may be affected by the immune system. Lastly, we provided a list of candidate genes related to intraspecific variation in salinity tolerance capacity.
